These corridors correlate with the CCs on the endocardial EAMs. 13, 14 Therefore, magnetic resonance-based visualization of scar characteristics could be helpful in VT ablation procedures.
Histological studies have described these CCs as tracts of surviving fibers embedded in myocardial scar areas and located at any level of the myocardial wall, with a variable thickness and a 3-dimensional (3D) structure. 3 Therefore, the 3D nature of the channels must be taken into account for a noninvasive assessment of the VT substrate.
The purpose of this study was to analyze the 3D structure of the scar and the BZ corridors, by means of high-resolution ce-CMR images and a postprocessing software tool specifically developed for this purpose. The presence of endocardial BZ corridors was validated against the endocardial electrogram (EG) analysis.
Methods Patients
Consecutive post-MI patients referred for ablation of documented ventricular arrhythmia were included. Exclusion criteria were MI more recent than 6 months and contraindication for ce-CMR. Two patients were excluded because of low image quality. The Local Ethics Committee approved the study protocol, and all included participants signed the informed consent.
Ce-CMR Image Postprocessing
A detailed description of the Ce-CMR acquisition protocol is provided in the online-only Data Supplement (Methods in the onlineonly Data Supplement). The ce-CMR images were exported into DICOM format. A software tool created specifically for scar analysis was used in the Gimias environment (http://www.gimias.org). 15 The endocardial and epicardial borders of the left ventricle were automatically delineated using an atlas-based segmentation technique initialized with 3 anatomic landmarks (left ventricular [LV] apex, mitral ring, and aortic ring) and manually corrected if necessary.
Five concentric surface layers were created through the myocardial wall from endocardium to epicardium (10%, 25%, 50%, 75%, and 90% of the LV wall thickness, respectively; Figure 1 ). A 3D shell was obtained for each layer. Each shell contained on average 430 000 small triangles. The LV subendocardial (10% shell) and subepicardial (90% shell) layers were used instead of true endocardial and epicardial shells to avoid the partial volume effect of pixels arising from the LV cavity (at the endocardium) or the epicardial fat (at the epicardium). Pixel signal intensity (SI) maps obtained from ce-CMR were projected to each shell and color-coded to visualize the SI distribution ( Figure 2) .
Scar areas were characterized as core and BZ using an algorithm based on maximum pixel SI in the LV wall. As previously reported by our group, the appropriate SI thresholds to differentiate between core and BZ as compared with EAMs are close to 60% and 40% of maximum pixel SI, respectively. 14 Therefore, an automatic algorithm was used that classifies pixels with SI >60% of the maximum pixel SI as core, and those between 40% and 60% as BZ. This thresholdbased classification was visualized in 3D through color-coded SI maps in the 5 transmural shells (from endocardium to epicardium), representing the extent and shape of the scar tissue (characterized into core and BZ) across the wall thickness (Video I in the onlineonly Data Supplement).
Color-coded SI maps were subdivided into the American Heart Association (AHA) 17-segment model for classification purposes, using an algorithm guided by 3 anatomic landmarks (anterior interventricular junction, mitral ring, and LV apex; Figure 2 ). 16 The scar was considered to be transmural when it extended beyond 75% of the wall thickness.
Electrophysiology Study and Substrate Mapping
The electrophysiology study was performed under conscious sedation. An endocardial high-density, 3D, electroanatomic, bipolar voltage map of the LV was obtained during stable sinus rhythm using the CARTO system (Biosense, Inc, Diamond Bar, CA) in 20 patients and using the Ensite NavX System (St. Jude Medical, Minneapolis, MN) in the remaining patients. Standard voltage thresholds (<0.5 mV for the core and <1.5 mV for the BZ) were used to define the scar on the EAM. The CCs on the EAM were visually identified as Voltage channels, corridors of BZ (EGs with a 0.5-1.5 mV) within scar core areas or between a core area and the mitral annulus, 4 or late potential channels, ≥2 consecutive EGs with delayed components (E-DCs) localized in the scar area, connecting with healthy tissue, impossible to visualize with a voltage threshold modification, and showing an activation sequence of the delayed component ( Figure I in the online-only Data Supplement). 17
VT Mapping and Ablation
A programmed right ventricle apex stimulation with up to 3 extraventricular stimuli (minimum coupling interval 200 ms) was used for VT induction. Stable and tolerated clinical/induced VTs were targeted for ablation by using activation and entrainment mapping techniques. Pacemapping techniques were used in nonstable/nonsustained clinical/ induced VTs. Radiofrequency was delivered at a maximum of 50 W with an externally irrigated 3.5-mm tip ablation catheter (Thermocool, Navistar, Biosense Webster) with a ≤45ºC temperature control. The flow rate during application was 26 to 30 mL/min. In addition to the elimination of the clinical VT, a substrate ablation was performed.
Ce-CMR Analysis
The ce-CMR images were analyzed by 2 investigators blinded to the clinical and electrophysiology data. In case of discrepancy, a third observer also analyzed the images. The scar areas in each shell (total scar, BZ, and core) were automatically measured using self-developed postprocessing software.
The BZ channels were defined as continuous corridors of BZ (with the prespecified pixel SI threshold) surrounded by scar core/mitral annulus. 13 A corridor of BZ was considered a channel when connecting 2 areas of normal myocardium. Because it has been demonstrated that a voltage scanning can improve the voltage channel identification on the EAMs, a pixel SI scanning was performed (by modifying the thresholds to 60±5% and 40±5%), to improve the BZ channel visualization on the pixel SI maps ( Figure II in the online-only Data Supplement). In the case that a given channel was identified in adjacent layers at the same location and with the same orientation, it was considered as a single multilayer channel.
The BZ channel orientation was considered to be either perpendicular or parallel to the mitral annulus. Intermediate orientation channels or channels with marked orientation changes or branching were considered complex channels. The length and width of the BZ channel were measured using a software function specifically developed to calculate the geodesic distance between 2 given points in a shell.
Comparison Between the EAM and ce-CMR
The scar size and its components at the subendocardial 10% ce-CMRderived shell were compared with the low-voltage areas identified in the EAM in each patient. The number, location (AHA segment), and orientation of the CCs identified on the ce-CMR-derived shells and the EAMs were compared side by side.
Relationship Between BZ Channels and VT Isthmuses
Isthmuses of targeted VTs were localized through pacemapping in nontolerated/nonsustained VTs and by means of activation and entrainment mapping in tolerated VTs. Radiofrequency was delivered at points considered to be part of the VT isthmus.
A given BZ channel on the pixel SI map was considered VT related if located in the same AHA segment, with the same orientation, as a CC identified by pacemapping, activation/entrainment, or radiofrequency (RF) termination as an isthmus of VT on the EAM.
Statistical Analysis
Values are presented as mean±SD. Comparisons of continuous variables were made using Wilcoxon signed-rank test and Mann-Whitney U test for paired and unpaired data, respectively. Friedman test was used for the comparison of scar characteristics between the 5 LV shells. The association between EAM and ce-CMR scar areas was assessed by Spearman correlation. A value of P<0.05 was considered statistically significant. Analysis was performed using PASW Statistics version 18.0 software (SPSS Inc, Chicago, IL).
Results

Clinical Characteristics
Twenty-one consecutive patients with remote MI submitted for VT ablation and without contraindication for ce-CMR were included in the study. Ten patients had 1 episode of sustained VT, and 9 patients had recurrent VT episodes. Two of the patients underwent ablation because of symptomatic infarct-related premature ventricular complexes and inducible sustained VT. Patient characteristics are summarized in Table 1 .
Electrophysiology Study
A transseptal approach was performed in 11 (52%) cases using a steerable sheath (Agilis, St Jude Medical Inc, St. Paul, MN) to facilitate mapping maneuvers. The mean procedure and fluoroscopy time were 209±78 and 18±10 minutes, respectively. A total of 25 VTs (1.2±1 per patient) were induced (mean cycle length [CL], 352±83 ms). Twenty-three isthmuses of clinical/induced VTs were identified by pacemapping or entrainment mapping techniques. 
3D ce-CMR Data
Minimum and maximum myocardial wall thickness at the infarct zone were 6.4±2.6 mm and 8.5±2.9 mm, respectively. Total infarct area decreased progressively through the 5 shells: mean scar percentage (scar area/LV area×100) 34±17% at 10% shell, 24±15% at 25% shell, 16±12% at 50% shell, 13±10 at 75% shell, and 12±9% at 90% shell (P<0.01; Figure 3 ). This gradual reduction in scar size was seen not only in nontransmural, but also in completely transmural scars. The BZ area was also significantly larger at the subendocardium, with a marked reduction until the 50% layer (from endocardium to epicardium: 36±18, 27±16, 21±15, 21±16, and 22±17 cm 2 , respectively; P<0.01). However, the scar heterogeneity (BZ percentage of the scar) was higher at the subepicardium (from endocardium to epicardium: 67±15%, 69±16%, 74±17%, 79±13%, and 83±13%, respectively; P<0.01).
A total of 45 BZ channels (2.1±1.0 per patient) were identified. The SI thresholds providing the optimal visualization of BZ channels were 40.1±2.5% for BZ and 61.3±3.0% for core ( Figure II in the online-only Data Supplement). Characteristics of the identified BZ channels are summarized in Table 2 . Only 11 (24%) BZ channels were confined to just 1 layer; the remaining 34 (76%) BZ channels were identified partially or completely in contiguous layers (2.5±0.7 layers per channel); 17 (38%) BZ channels showed a path involving ≥3 layers; 6 (16%) BZ channels identified in the subendocardium (10% and 25% shell) reached the subepicardium (75% and 90% shell); and only 1 BZ channel showed a path involving all 5 layers of the myocardial wall.
CCs in EAMs
Fifty-six CCs were identified on the endocardial EAM of 19 patients, a mean of 2.7±1.3 CCs per map, whereas 6 CCs were identified on the epicardial EAM of 4 patients. Forty (64.5%) of the 62 CCs were considered late potential channels, and the remaining were voltage channels. The mean number of E-DCs per late potential channel was 7.8±2.9, 
Comparison Between EAM and ce-CMR
The mean number of points taken to identify and define the substrate with the EAM was 457±148. The mean low-voltage area (<1.5 mV) was 57.6±37.4 cm 2 . The mean core area (<0.5 mV) and BZ area (0.5-1.5 mV) in the EAM were 28.3±24.5 and 29.3±22 cm 2 , respectively. Total scar areas obtained from EAMs and the ce-CMR-derived endocardial 10% shell showed a moderate correlation (ρ=0.57; P<0.01). There was also a moderate correlation between scar core areas in EAM (bipolar voltage <0.5 mV) and dense scar in ce-CMR (ρ=0.58; P<0.01).
Epicardial mapping was performed in 4 patients. In 1 of them, epicardial ablation was performed because of endocardial inaccessibility and VT ECG suggestive of epicardial exit. 18 In the remaining 3 patients, epicardial ablation was performed after failed endocardial ablation. Epicardial scar areas (<1.5 mV) and those identified on the ce-CMR-derived epicardial 90% shell showed no statistically significant correlation (ρ=0.80; P=0. 20) .
The agreement between the BZ channels identified in 10% and 25% layers, and the CCs on the EAM are summarized in Table 3 ( Figure 4 ; Table I in the online-only Data Supplement). More than 80% of BZ channels present in the 10% and 25% shells were identified on the EAM. The percentage CCs in the EAM visible as a BZ channel on the 10% and 25% shells decreased to a 50% because of a low rate of late potential channel visualization with the ce-CMR-derived maps. This percentage decreased to a 35% by using only the BZ channels of the 10% shell for the comparison. Only 1 (9%) of the 11 BZ channels identified on the 50% to 90% layers could be recognized from the endocardium. In 2 of the 4 patients with epicardial mapping, there was matching between the epicardial CCs (1 per patient) and the ce-CMRderived subepicardial layer ( Figure III in the online-only Data Supplement).
VT Isthmuses
Seventeen (74%) of 23 VT isthmuses were visualized as BZ corridors on ce-CMR. These VT isthmuses were identified by pacemapping in 8 cases and by entrainment mapping in 9 cases ( Figures 5 and 6 ). Eleven isthmuses were located in the electroanatomic dense scar. The mean bipolar voltage was 0.34±0.17 mV. Two of these isthmuses were identified in the epicardial EAM, matching with a channel in the ce-CMRderived 90% shell. The geodesic length of these 17 VT-related BZ channels did not show correlation with the tachycardia CL (ρ=0.04; P=0.88). Single RF applications abolished the VT in 62% of cases. The total scar area at the subendocardial layers (10% and 25%) did not show significant correlation with the CL of the clinically documented VT (ρ=0.29, P=0.21 and ρ=0.30, P=0.21). However, the larger the scar area at the subepicardial layer (75%), the longer the CL of the clinical VT (ρ=0.56; P=0.01).
The Case of Transmural Infarctions
Eight (38%) of 21 patients had transmural infarction and, in all cases, the scar reached the epicardium in some segment. The CL of the clinical VT in those patients was longer than that of the patients with nontransmural infarctions (398 versus 337 ms; P=0.02). Induced VTs in this subgroup of patients also had a trend toward longer CL (370 versus 310 ms; P=0.08).
Twenty BZ channels were identified in patients with transmural infarctions; 7 (35%) of them were found in subepicardial layers (75% and 90%). In contrast, nontransmural infarctions showed no BZ channels beyond the 50% layer (P=0.03).
Discussion
The present study shows that the 3D structure of the scar and BZ channels in patients post-MI can be identified noninvasively by a high-resolution ce-CMR. This information has the potential to facilitate the ablation procedure by allowing the operator to direct the ablation catheter toward the target ablation site. The BZ channels on the subendocardial layers have a good match with the CCs in the voltage EAM. In most cases, these BZ channels continue through ≥1 adjacent layer.
Scars in patients post-MI have a pyramidal shape, with a larger subendocardial than subepicardial area, together with a higher number of subendocardial BZ channels; however, these BZ channels can be found at any level of the myocardial wall. On the contrary, 35% of all BZ channels on the LV wall in transmural scars are epicardial BZ channels, which are present in 63% of patients with transmural infarctions. An epicardial or a combined approach should be considered when the objective of the ablation procedure is to eliminate all the substrate in patients with transmural MI or in patients that remain inducible after endocardial complete substrate ablation.
Image Acquisition and Postprocessing
Different algorithms have been used to define myocardial infarct size and characterize their components (core and BZ) by ce-CMR. 19 An algorithm based on the maximum SI within the myocardium has been used in the present study. In a previous study, we found that the best match between the EAM and the ce-CMR-derived pixel SI maps for differentiating Signal intensity maps obtained from contrast enhanced-cardiac magnetic resonance projected over subendocardial color-coded shells (10% and 25% of myocardial wall thickness) in a patient with a healed myocardial infarction. A border zone channel is suggested in the 10% shell and can be completely identified on the 25% shell (white arrows). Electroanatomic mapping (EAM) is shown in the bottom. In the EAM, 1 conducting channel is identified (white arrows). Electrograms in the conducting channel (electrograms 1-5) are shown in the right. Isolated delayed components of these electrograms have a sequential activation from the channel entrance (number 1 and number 5, white arrows) to its inner part during sinus rhythm. Ao indicates aortic valve; His, His bundle and left bundle branch; MV, mitral valve; and RV, right ventricle.
the core and BZ is obtained by using a maximum SI cutoff value of 60%. 14 There are important differences in the acquisition and processing of images between this study and previous post-MI studies. First, all ce-CMR exams in this study were performed using a 3T scanner, in contrast to the 1.5-T system used in previous studies. 5, 13, 20 It has been shown that infarct scar characterization is sensitive to the spatial resolution of the ce-CMR technique. Particularly, the BZ area increases in proportion to the spatial resolution because of partial volume averaging. 21 Delayed-enhancement MRI at 3.0 T provides significantly higher spatial resolution than does 1.5 T. 22 Slice thickness ranged from 5 to 8 mm in previous reports. 5, 13, 20 The spatial resolution of 1.4 isotropic voxel size in this study allowed a more accurate visualization of the width and trajectory of the BZ channels. In addition, the possibility to obtain different pixel SI maps at different levels from endocardium to epicardium permitted visualizing the 3D architecture of the BZ channels. It also revealed that adding deeper layers of the myocardial wall allows identification of a large number of BZ channels. Figure 5 . Subendocardial (10%) pixel signal intensity map and endocardial bipolar voltage map, with an extensive area of scar in the anterior wall. A border zone channel is shown in the 10% shell, consistent with the conducting channel identified on the voltage map (white arrows). The 12-lead ECG on the left shows the induced monomorphic ventricular tachycardia (VT). ECG on the right shows pacemap from the middle of the conducting channel (yellow asterisk in both maps). Pacing from the channel reproduces the induced VT morphology with a long stimulus-to-QRS delay, as expected by the location of the stimulus delivery on the channel. Additionally, there is a late potential channel in the EAM (blue dots) not visible on the cardiac magnetic resonance. PM indicates pacemapping. 
Three-Dimensional Architecture of Infarct Scar
Previous studies have established that patients post-MI have a larger endocardial than epicardial scar area. 23 The present data confirm these studies and show that the scar undergoes a sharp size reduction in the subendocardial layers, until the 50% shell. These data suggest that most of the arrhythmogenic substrate in patients post-MI can be approached with radiofrequency delivery at the endocardium.
Histological studies on healed infarctions showed that viable myocardial fiber tracts have a complex structure that could pass through not only the subendocardial layers of the myocardial wall, but also any level of wall thickness. 3, 24 We have observed that only 16% of the BZ channels were located in the subepicardial LV wall (75% to 90% shells). This is in agreement with data from endocardial and epicardial mapping during the surgical treatment of VTs, which revealed that ≈20% of tachycardias showed earliest epicardial rather than endocardial activation. 25 However, in the subgroup of patients with transmural scars in the present study, the percentage of subepicardial BZ channels was 35%, and these were present in 63% of patients. Therefore, preprocedural noninvasive identification of epicardial BZ channels may help to identify patients who will require an epicardial access to eliminate this VT substrate.
CC Identification
Different strategies have been used during sinus rhythm to identify the slow conduction channels. 4, 26 Previous data confirmed the correlation between BZ channels in the ce-CMR with CCs identified by voltage scanning in the EAM. 13 We analyzed not only the voltage channels, but also the late potential channels. It is known that the delayed components of the CC EGs reflect the presence and activation of viable fibers embedded in fibrosis. 27 We observed that not only the voltage channels but also the late potential channels can be identified noninvasively with ce-CMR. On the contrary, although the depth of myocardial tissue that contributes to bipolar endocardial EGs is not clear, the local activity of the BZ channels (10% to 25% shells) is usually identified on the EAMs (>80%). However, this local activity is not identified at a depth corresponding to the 50% to 90% layers (only 9%).
The ce-CMR showed 74% of the critical isthmus of clinical VTs and 50% of all the CCs identified in the endocardial EAM, a lower rate than previously reported. 13 Moreover, only 12 endocardial and 2 epicardial out of 40 late potential channels correlated with ce-CMR BZ corridors. The explanation for the low identification rate with the ce-CMR is probably related to the consideration of the late potential channels of the present study, which likely represent the activation of just a few isolated myocardial fibers. In fact, most of the CCs (24 of 31) that were not visible on ce-CMR were late potential channels. It is probable that some of the late potential channels are too narrow to be detected by ce-CMR with current resolution/technology. Therefore, with ce-CMR-guided ablation procedures, we could expect to eliminate part, but not all, of the VT substrate.
The mean width of BZ channels was 2.5±1.5 mm in the narrower part and 5.8±2.5 mm the wider portion of the channel. Therefore, the BZ channels are relatively narrow, which is in accordance with what was found in histological studies. 27 These observations are also supported by the low number of nonlinear RF lesions that proved to be sufficient to eliminate completely CCs in the setting of arrhythmogenic right ventricle cardiomyopathy and nonischemic cardiomyopathy. 17, 28 
Limitations
The main limitation of the study is derived from aspects of ce-CMR image acquisition. The partial volume effect, the presence of ventricular arrhythmias during image acquisition, the lack of adequate apneas, and the variability in the kinetics of gadolinium contrast, among others, may cause poor image quality, which precludes accurate scar characterization in some cases. However, modifications in image acquisition techniques and protocols have the potential to increase image quality. Distinguishing between the endocardial and epicardial borders and the blood pool and pericardium, respectively, can be arduous. We attempted to minimize segmentation errors by replacing the endocardial and epicardial layers with the 10% and 90% layers. Second, the spatial resolution of the EAM is limited, and poor catheter contact and far-field EGs can produce a misrepresentation of the target substrate boundaries. 5 We have attempted to minimize this limitation by creating very high-density maps (a mean of 457±148 sites mapped versus 85-190 and 149±71 per patient in other reports). 5, 20 Another limitation is that the identification of the channels in the EAM is at present manual and, particularly in the case of late potential channels, CC-branching is frequently present, and sometimes makes it difficult to define the trajectory precisely. The side-by-side analysis performed cannot exclude the possibility that a single entrainment point in the core region was simply located in the vicinity of a BZ channel on the ce-CMR-derived SI maps. It must be also taken into account that VT isthmuses were not systematically traced along its entire length; therefore, we can only ensure that part of the VT isthmus is located in areas identified as BZ channels and, therefore, these BZ channels are a potential target for ablation. Moreover, we cannot take into consideration for analysis the functional (nonvisible) aspects that can affect electric conduction within the scar and determine E-DC timing, such as alterations in gap-junction conductance and ion-channel properties. 29 The usefulness of ce-CMR to guide ablation procedures would require larger and prospective studies. Finally, the relatively small number of patients analyzed and, therefore, different infarct locations, infarct chronology, and type of reperfusion are insufficiently represented to extrapolate the 3D features of postinfarction scar in the present population to all patients with ischemic cardiomyopathy.
Conclusions
Scar area in patients with ischemia decreases from the endocardium to the epicardium. BZ channels, which are more commonly seen in the endocardium, display a 3D structure within the myocardial wall that can be depicted with ce-CMR. The use of this information to guide VT ablation procedures warrants further investigation. A significant portion of late potential channels cannot be identified noninvasively with ce-CMR.
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